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from description to understanding
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"To understand the workings of 
the QGP, there is no substitute for 
microscopy.  We know that if we 

had a sufficiently powerful 
microscope that could resolve the 
structure of QGP on length scales, 
say a thousand times smaller than 

the size of a proton, what we 
would see are quarks and gluons 

interacting only weakly with each 
other.  The grand challenge for 
this field in the decade to come 

is to understand how these 
quarks and gluons conspire to 
form a nearly perfect liquid."

The 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight



what do we need to measure?

• jets, upsilons and photons with high statistics over a wide kinematic and collision 
energy range 

• jets from ~20 GeV → 1 TeV 
• collision energy from 200 GeV → 5.5 TeV 
• luminosity for precision measurements at both facilities 
• wide recognition of necessity of both facilities, many groups at sPHENIX and LHC
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Long Range Plan: "Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The complementarity of 

the two facilities is essential to this goal, as is a state-of-the-art jet 
detector at RHIC, called sPHENIX." 



why two facilities?

• the QGP itself is different at RHIC and the 
LHC 

• largest range of scales probed is from 
high energy jets at the LHC to low energy 
ones at RHIC 

• the jets are differently sensitive to the 
medium through their virtuality evolution 4

How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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AuAu: high pT rates
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Physics Performance Jet Physics Summary
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Figure 4.43: Projected statistical uncertainties on the RAA for inclusive photons (green points, as-
suming RAA = 1), b-jets (blue points, assuming RAA = 0.6), inclusive jets (red points, assuming
RAA = 0.4) and charged hadrons (black points, assuming RAA = 0.2). These projections are made
with a b-jet tagging efficiency of 50%, 10 weeks of p+p and 22 weeks of Au+Au data taking.
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Au+Au projections

longer running benefits rare channels, 
especially photons and b-jets!

p+Au projections

see Megan Connor’s talk Tuesday



Possible 5 year run plan

Presented at the PAC Meeting 6/15/17 by D. Morrison
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6/12/2017 2

Au+Au @ 200 GeV recording minimum bias at 15 kHz
More conservative C-AD ramp up and mean of MIN/MAX projections
Assume 60% sPHENIX uptime in 2022-23, 80% in later years

Just recording straightaway at 15 kHz for |z| < 10 cm …
47 billion (2022) + 96 billion (2024) + 96 billion (2026) = Total 239 billion events

For topics with Level-1 selective trigger (e.g. high pt photons), one can sample 
within |z| < 10 cm a total of 550 billion events.    One could consider sampling 
events over a wider z-vertex for calorimeter only measurements, 1.5 trillion events.



photon-jet correlations
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Photon-jet correlation 
 in Pb+Pb 

•  In Pb+Pb 0-10% centrality: 
•   xJγ is shifted towards lower values and shape 

is modified wrt predictions for all photon pT 
bins 

•  Shape of the Δϕ distribution is consistent with 
that in pp collisions and in simulated Pb+Pb 
events 

•  Observation qualitatively consistent with 
results at 2.76TeV 

Overview of ATLAS results, Sept 23rd, 2016 10 

See Brian Cole’s talk 

Photon-jet correlation 
 in Pb+Pb 

•  In Pb+Pb 0-10% centrality: 
•   xJγ is shifted towards lower values and shape 

is modified wrt predictions for all photon pT 
bins 

•  Shape of the Δϕ distribution is consistent with 
that in pp collisions and in simulated Pb+Pb 
events 

•  Observation qualitatively consistent with 
results at 2.76TeV 

Overview of ATLAS results, Sept 23rd, 2016 10 

See Brian Cole’s talk 
photon-jet correlations are 

a golden channel for jet 
quenching, rare probes 

exploit both running time 
and large acceptance

see Megan Connor’s talk Tuesday



upsilons
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sPHENIX projection

requires excellent tracking & EM calorimetry 
for electron ID & mass resolution

separation of 1S, 2S & 3S states 
temperature dependence of screening is key!

probability distribution function (PDF) describing the
signal consists of three CB functions. In addition to the
three !ðnSÞ yields, the !ð1SÞ mass is the only parameter
left free, to accommodate a possible bias in the momentum
scale calibration. The mass ratios between the states are
fixed to their world average values [23] and the mass
resolution is forced to scale with the resonance mass.
The !ð1SÞ resolution is fixed to the value estimated in
the simulation, 92 MeV=c2, which is compatible with the
resolution obtained from both the Pb-Pb and pp data. The
lowside tail parameters are also fixed to the values obtained
via simulation. Finally, a second-order polynomial is
chosen to describe the background in the 7–14 GeV=c2

mass-fit range.
The quality of the unbinned fit is checked a posteriori by

comparing the obtained line shapes to the binned data of
Fig. 1. The !2 probabilities are 74% and 77%, respectively,
for pp and Pb-Pb.

The ratios of the observed (uncorrected) yields of the
!ð2SÞ and !ð3SÞ excited states to the !ð1SÞ ground state
in the pp and Pb-Pb data are

!ð2Sþ 3SÞ=!ð1SÞjpp ¼ 0:78þ0:16
%0:14 & 0:02; (1)

!ð2Sþ 3SÞ=!ð1SÞjPb-Pb ¼ 0:24þ0:13
%0:12 & 0:02; (2)

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainties are computed by varying

the line shape in the following ways: (1) the CB-tail
parameters are varied randomly according to their covari-
ance matrix and within conservative values covering im-
perfect knowledge of the amount of detector material and
FSR in the underlying process; (2) the resolution is varied
by &5 MeV=c2, which is a conservative variation given
the current understanding of the detector performance
and reasonable changes that can be anticipated in the
!-resonance kinematics between pp and Pb-Pb data;
(3) the background shape is changed from quadratic to
linear while the mass range of the fit is varied from 6–15
to 8–12 GeV=c2; the observed root-mean-square of the
results is taken as the systematic uncertainty. The quadratic
sum of these three systematic uncertainties gives a relative
uncertainty on the ratio of 10% (3%) for the Pb-Pb
(pp) data.
The ratio of the !ð2Sþ 3SÞ=!ð1SÞ ratios in Pb-Pb and

pp benefits from an almost complete cancellation of pos-
sible acceptance and/or efficiency differences among the
reconstructed resonances. A simultaneous fit to the pp and
Pb-Pb mass spectra gives the double ratio

!ð2Sþ 3SÞ=!ð1SÞjPb-Pb
!ð2Sþ 3SÞ=!ð1SÞjpp

¼ 0:31þ0:19
%0:15ðstatÞ & 0:03ðsystÞ;

(3)

where the systematic uncertainty (9%) arises from varying
the line shape as described above in the simultaneous fit,
thus taking into account partial cancellations of systematic
effects.
The single-muon lower momentum requirement is

a posteriori varied from 3 to 5 GeV=c in steps of
500 MeV=c, and it is found that pT requirements other
than 4 GeV=c produce lower values of the double ratio.
Fitting the pp and Pb-Pb spectra with free and independent
mass resolution parameters leads to an increase of the
double ratio by 15%.
To evaluate possible imperfect cancellations of accep-

tance and efficiency effects in the double ratio, a full [24]
detector simulation is performed. The effect of the higher
Pb-Pb underlying event activity is accounted for by em-
bedding, at the level of detector signals, !ð1SÞ and !ð2SÞ
decays simulated by PYTHIA 6.424 [25] in Pb-Pb events
simulated with HYDJET [26]. Track characteristics, such
as the number of hits and the !2 of the track fit, have
similar distributions in data and simulation. As mentioned
above, the trigger efficiency is evaluated with data, by
using single-muon-triggered data events, and reconstruc-
ting J=c signal with and without the dimuon trigger
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FIG. 1 (color online). Dimuon invariant-mass distributions
from the pp (a) and Pb-Pb (b) data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The
same reconstruction algorithm and analysis criteria are applied
to both data sets, including a transverse momentum requirement
on single muons of p"

T > 4 GeV=c. The solid lines show the
result of the fit described in the text.
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Figure 4.45: (Left) The signal plus background in the Upsilon mass region for ten billion 0–10% central
Au+Au events, assuming a pion rejection factor of 90, with the signal reduced by a pair identification
efficiency of 49%. The combined backgrounds due to correlated bottom, correlated charm, and
Drell-Yan are shown as the red curve. The combined backgrounds due to fake electrons combining
with themselves, bottom, and charm are shown as the blue line. (Right) The expected invariant
mass distribution for ten billion 0–10% central Au+Au events, after subtraction of combinatorial
background using the like-sign method. The remaining background from correlated bottom, charm
and Drell-Yan is not removed by like sign subtraction. It must be estimated and subtracted.

The combinatorial background was studied by generating events with fake electrons due to misiden-
tified pions, using input pion distributions taken from PHENIX measured p

0 spectra in Au+Au
collisions. A pT-independent rejection factor was applied to the p

+/� spectra to imitate fake
electron spectra. For the 0–10% most central Au+Au collisions a rejection factor of 90 is assumed
at a single electron track efficiency of 70% (giving a pair efficiency of 49%). The pair efficiency is
increased to 90% as Au+Au collisions become more peripheral. The combinatorial background
due to misidentified pions is assumed here to be zero in p+p collisions, with an electron matching
efficiency of greater than 90%. The rejections in central Au+Au collisions are derived from GEANT4
studies of the electromagnetic calorimeter response to electrons and charged pions. The efficiencies
are obtained by embedding electrons in HIJING events. The rejection and efficiency are still being
optimized for the detector configuration relevant for electron identification.

All combinations of fake electrons from misidentified pions were made with each other, and with
high pT electrons from physics sources. The combinatorial background is found to be dominated
by pairs of misidentified pions, with only 30% or so coming from combinations of misidentified
pions with electrons. The results are summarized in Figure 4.45 (left), which shows the signal
+ background in the U mass region for the ten billion 0–10% most central events, along with
our estimates of the total correlated physics background and the total uncorrelated combinatoric
backgrounds. In Figure 4.45 (right) we show the di-electron invariant mass distribution for ten
billion 0–10% central Au+Au events after the combinatorial background has been removed by
subtracting all like-sign pairs.
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b-jets

• tracking system provides good b-jet identification capabilities in pp & 
AuAu collisions 

• resulting uncertainties provide kinematic range and descriminating 
power to constrain parameters in Vitev, et al’s calculation!

10

based on the 
luminosities from the 5 

Year Run Plan
see Megan Connor’s talk Tuesday



LHC & RHIC
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what detector do we need?
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Long Range Plan: "Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The complementarity of 

the two facilities is essential to this goal, as is a state-of-the-art jet 
detector at RHIC, called sPHENIX." 

• high rate, record 15kHz 
• excellent tracking 
• large uniform acceptance 

for jets, photons and 
upsilons 

• full hadronic and 
electromagnetic calorimetry www.sp

he
nix

.bn
l.g

ov

http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov
http://www.sphenix.bnl.gov


the former Babar solenoid

• 1.5 T solenoid 
• low power cold tests have been successful 
• preparation underway for full field tests

13



sPHENIX tracking
• tracker design: 

• 3 layers MAPS, using ALICE stave design 
• 4 layer intermediate silicon tracker 
• outer TPC

14

Tracker concept

Track reconstruction over 2π, |η| ~ 1, 0.2GeV < pT < 40GeV


Outer radius constrained by EMCal geometry: Router<78cm

Inner radius constrained by beam pipe: Rinner>2.1cm


Three detector subsystems to provide primary+secondary 
vertex, pattern recognition, momentum resolution:


Calorimeter	system

Tracking	system

7

3-layer MAPS vertex tracker 
(R = 2.3, 3.1, 3.9 cm) 

4-layer si strip 
intermediate 

tracker  

(R=6, 8, 10, 12cm)


Continuous 
readout TPC

(R=20-78 cm)




• 3 layers Si sensors 
• Based on ALICE ITS 

upgrade 
• DCAxy < 70 μm 
• |zvtx|< 10 cm

tracking components

MVTX

INTT

TPC

• 4 layers Si strips 
• Pattern recognition, DCA, 

connect tracking systems, reject 
pile-up

• Radius 20–78 cm 
• ~250 μm effective hit resolution 
• Continuous (non-gated) readout 
• Pattern recognition, momentum 

resolution, pT 0.2-40 GeV/c
15



Chapter 2

Physics-Driven Detector Requirements

Figure 2.1: End view of the sPHENIX detector with its component subdetectors.

In order to perform the physics measurements outlined in Chapter 1, sPHENIX must satisfy a
set of detector requirements. In this Chapter we discuss the physics-driven requirements on the
performance of the sPHENIX detector. In addition, as outlined in the Executive Summary, this
sPHENIX upgrade serves as the foundation for a future upgrade to a world class Electron-Ion
Collider (EIC) detector built around the BaBar magnet and sPHENIX calorimetry, and those
requirements are taken into account. The details of specific detector and GEANT4 simulations
regarding the physics capability of the sPHENIX reference design are given in Chapter 4. The
sPHENIX physics program rests on several key measurements, and the requirements that drive any
particular aspect of the detector performance come from a broad range of considerations related to
those measurements. A consideration of the physics requirements has led to the development of
the reference design shown in Figure 2.1 and this will be described in detail in Chapter 3.

53

sPHENIX: calorimeters

16

steel / scintillator HCal 

WSciFi SPACAL



hadronic calorimeter
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Outer HCAL prototype with assembled 
steel plates and readout electronics

HCAL Prototype 
Tile response map with LEDs

R1370.0

R1167.7

32°

Tilted Plate Design

MIP crosses 
4 tiles in each 
calorimeter

12 

alternating steel/scintillator plates

prototype assembled at BNL



sPHENIX EMCal

18

first 2D projective 
tungsten SPACALs 
produced at Illinois

scintillating fibers 
embedded in tungsten 

powder



tests of the calorimeter system

• February 2016: η ~ 0 configuration, submitted for publication: 1704.01461 
• April 2017: |η| ~ 1 configuration, analysis in progress 
• (planned) February 2018: final design and electronics

19



EMCal energy resolution & linearity

20

1D projective blocks energy resolution ~15% / √E for 
Illinois blocks, consistent with our specs

14

Vertical Hodoscope
0 1 2 3 4 5 6 7

5x
5 

En
er

gy
 (G

eV
)

6

8

10

12

14

16

18

0

100

200

300

400

500

600

700

800

900

12 GeV

Vertical Hodoscope
0 1 2 3 4 5 6 7

5x
5 

En
er

gy
 (G

eV
)

6

8

10

12

14

16

18

0

200

400

600

800

1000

12 GeV

0

0
Before Position Correction After Position Correction

Fig. 23. Cluster energy vs. vertical hodoscope in the EMCal towers produced at UIUC before and after the position-dependent energy correction is applied.
The beam energy shown is 12 GeV with an incident angle of 10 degrees. Data is shown prior to unfolding a beam momentum spread (�p/p ⇡ 2%).
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Fig. 24. Linearity and resolution of electron showers in EMCal towers produced at UIUC and THP, for which a 2.5 ⇥ 2.5 cm2 beam cross section is selected
and matches the area of one EMCal tower. The beam incident angles are 10 degrees (blue) and 45 degrees (red). Data (points) are fit with linear (left solid
curves) and �E/E =

p
a2 + b2/E function with results labeled on plot (right solid curves). A beam momentum spread (�p/p ⇡ 2%) is unfolded and

included in the resolution.

deviates systematically below the nominal beam energy due
to back leakage from the calorimeter modules.

An important function of the EMCal in sPHENIX is to
provide electron identification and hadron rejection for charged
tracks via a minimal E/p cut. As shown in Figure 25, the
hadronic component of the test beam that is spread over an
area of 2.5 ⇥ 2.5 cm2 is selected to quantify the hadron
rejection in the prototype, which is compared with various
simulation tunes of GEANT4 physics lists [26] and Birks’
constant for scintillator non-linearity [27]. The hadronic beam
particles are selected by requiring no activity in the beam-line
Cherenkov detectors, which are tuned to produce Cherenkov
signals on electrons but not on hadrons. Based on Figure 14,
the expected muon component in the beam is simulated
and statistically subtracted from the cluster energy spectrum.
The resulting EMCal cluster energy spectrum for hadrons is

integrated from various cut values to the maximum energy in
order to estimate the number of hadron events with cluster
energy larger than the cut. Its ratio to the total number of
hadron events is plotted as inverse of the hadron rejection
versus minimal cluster energy cut in Figure 25. This hadron
sample contains mainly ⇡

�. The kaon content is expected to be
very small, about 1% of beam content at higher momenta (20-
30 GeV/c) [24], and lower at lower momenta (4-12 GeV/c)
due to the decay of kaons in flight. Nevertheless, for the
completeness of the study, both ⇡

� and K

� are simulated
and compared with the data. The result with beam momentum
of 8 GeV/c is shown in Figure 25 as a typical result, while
this study is performed in a negatively charged hadron beam
momenta of 4, 8 and 12 GeV/c. All simulation tunes repro-
duce the rejection for rare high energy hadronic showers in
the EMCal within a factor of two. Meanwhile, the simulation
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III. PROTOTYPE HADRONIC CALORIMETER

The inner and outer HCal prototypes are constructed as a
small pseudorapidity and azimuthal segment (�⌘ ⇥ �� =
0.4 ⇥ 0.4 at mid-rapidity) of the full scale sPHENIX design,
with alternating layers of scintillator tiles and steel absorber
plates. The absorber plates are tapered and tilted from the
radial direction to provide more uniform sampling in az-
imuth. Extruded tiles of plastic scintillator with an embedded
wavelength shifting (WLS) fiber are interspersed between the
absorber plates. The tilt angle is chosen so that a radial track
from the center of the interaction region traverses at least four
scintillator tiles of each HCal. Each tile is read out at the
outer radius with SiPMs. The analog signals from five tiles
are summed to a single preamplifier channel to form a single
calorimeter tower.

(a) Scintillator tile production for inner HCal

(b) Inner HCal tile design patterns

(c) Plastic coupler to attach the SiPM at the fiber exit

Fig. 6. HCal tile production. (a) Inner HCal scintillating tiles in several stages
of production. From left to right tiles are machined, then coated and embedded
with WLS fiber. (b) 4 scintillating tiles arranged symmetrically around ⌘ = 0
to be inserted between the steel absorber plates. (c) SiPM installation at the
fiber exit using a plastic coupler.

The properties of the HCal scintillating tiles are listed in
Table II. Figure 6 (a) shows the steps of tile production.
Figure 6 (a,b) and Figure 7 show the inner and outer HCal fiber
routing patterns. The Kuraray [17] single-clad fiber is chosen
due to its flexibility and longevity, both of which are critical
in the geometry with multiple fiber bends. The properties of
the HCal wavelength shifting fibers are included in Table II.

TABLE II
PROPERTIES OF THE HCAL SCINTILLATING TILES AND FIBER.

Property
Plastic Extruded polystyrene
Scintillation dopant 1.5% of PTP and 0.01%

POPOP
Reflective coating Proprietary coating by surface

exposure to aromatic solvents
Reflective layer thickness 50 µm
Wrapping 100 µm Al foil followed by

one layer of 30 µm cling-wrap
and a 100 µm layer of black
vinyl tape

Attenuation length in lateral di-
rection

Approximately 2-2.5 m

(with respect to extrusion)
Wavelength shifting fiber Single clad Kuraray Y11
Formulation 200, K-27, S-Type
Cladding material Polymethylmethacrylate

(PMMA)
Fiber diameter 1 mm
Emission peak 476 nm
Fiber core attenuation length > 2 m
Optical cement EPO-TEK 3015

The fiber routing is designed so that any energy deposited in
the scintillator is within a 2.5 cm distance from a WLS fiber,
and the bend radius of any turn in the fiber has been limited
to 2.5 cm to limit mechanical stress and light loss, based on
the experience of the T2K collaboration [18] as well as the
experience with the test tiles.

OHCAL	Tile	1	 OHCAL	Tile	2	

Fig. 7. Schematic diagram of the outer HCal tile designs and assembly. 20
steel absorber plates are stacked together, then 80 scintillating tiles are inserted
between them. Tile fiber patterns are seen on the tiles on the top.

The scintillation light produced in the tiles by ionization
from charged particles is kept inside the tile and reflected
diffusely by a reflective coating and reflective tile wrapping.
The light is absorbed by the fiber embedded in the scintillator.
As shown in Figure 6 (c), the two ends of the fiber are brought
to the outer radius of the tile where a small plastic mount
supports a 3 ⇥ 3 mm2 SiPM at the fiber exit. The fiber exit is

HCal resolution

• energy resolution for single 
particles in combined EMCal 
+ HCal 13.5% ⊕ 64.9%/√E 

• significantly better than our 
specs

21
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Fig. 31. Hadron (a) linearity and (b) resolution measured with combined EMCal+HCal (sPHENIX configuration) detector setup. Three sets of data points
corresponds to the event categories shown in Figure 30. The bottom panel of (a) shows the ratio of the measured energy and corresponding fits.

the minimum ionizing energy.
The corresponding hadron resolution is shown in Fig-

ure 31 (b). Data are fit in a similar manner with �E/E =p
(�p/p)2 + a

2 + b

2
/E, i.e. with a fixed beam momentum

spread term of �p/p ⇡ 2% subtracted from the constant term
in quadrature. HCALOUT showers that pass through the EM-
Cal and inner HCal have a resolution of 17.1 � 75.5%/

p
E.

HCAL showers that pass through through the EMCal have a
resolution of 14.5 � 74.9%/

p
E. A combined resolution of

all the showers irrespective of their starting position (FULL) is
13.5 � 64.9%/

p
E. The hadron resolution improves without

the MIP cuts because it reduces the overall shower fluctuations
and leakages.

The linearity is shown in Figure 31 (a). The bottom panel
shows the ratio of the measured energy and the corresponding
fits. The FULL reconstructed showers are normalized to the
input energy. This results in the HCAL and HCALOUT re-
constructed showers linearity slightly below the input energies,
due to higher leakage in those event categories.

VIII. CONCLUSIONS

A prototype of the sPHENIX calorimeter system was suc-
cessfully constructed and tested at the Fermilab Test Beam
Facility with beam energies in the range of 1-32 GeV. The
energy resolution and linearity of the EMCal and HCal were
measured as a combined calorimeter system as well as inde-
pendently. The energy resolution of the HCal is found to be
� E/E = 11.8% � 81.1%/

p
E for hadrons. The energy

resolution of EMCal for electrons is 1.6% � 12.7%/

p
E for

electromagnetic showers that hit at the center of the tower
and 2.8% � 15.5%/

p
E without the position restriction. Part

of the EMCal position dependence of the shower response
stems from the non-uniformity of the light collection in the
light guide, which will be a major focus of the next stage
of detector research and development. The combined hadron
resolution of the full EMCal and HCal system for hadrons

is 13.5% � 64.9%/

p
E and is consistent with the standalone

HCal results. All of these results satisfy the requirements of
the sPHENIX physics program. Excellent agreement between
the test beam results and GEANT4-based sPHENIX simulation
is observed, giving confidence to the use of additional simu-
lation studies in the final research and development of these
detectors.
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EMCal 2017 prototype
• what was new? 

• 2D projectivity, close to the final design 

• blocks are 2x2 towers → ~twice as large as in 2016 prototype 

• longest step is filling the fibers into meshes 

• holes don’t line up because of the projectivity so we developed a 3D printed spacer setup to funnel 
the fibers through; supported with a solo cup and filled by Illinois undergraduates 

• 3D printed molds to cast the blocks
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photon-jets in pp
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Estimated �-jet Statistical Precision

Dedicated study for
statistical estimates given
luminosity, e�ciency of
sPHENIX

sPHENIX will have
incredible statistical
precision for �-jet at
RHIC for the first time

Will extend PHENIX
factorization breaking
work PRD 95, 072002
(2017) to study x

dependence as well as role
of fragmentation with
tracking capabilities
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FIG. 9. Per trigger yields of charged hadrons as a function of p
out

. The ⇡0 and direct photon distributions are fit with
Gaussian functions at small p

out

and Kaplan functions over the whole range, showing the transition from nonperturbative
behavior generated by initial-state kT to perturbative behavior generated by hard gluon radiation. A 9% overall normalization
uncertainty on the charged hadron yields is not shown in the figure.

rect photon triggers as a function of p

trig

T . Systematic
uncertainties were evaluated by altering the Gaussian fit
region by ± 0.15 GeV/c and taking the absolute value of
the di↵erence of the resulting widths. As the systematic
uncertainties dominate the uncertainties of the widths,
the error bars shown in Fig. 10 are the statistical and
systematic uncertainties combined in quadrature. Sim-
ilarly to

p
hp2

out

i, the direct photons and ⇡

0 both show

decreasing widths with p

trig

T . Linear fits to the two sets of
widths give slopes of�0.0055±0.0018(stat)±0.0010(syst)
for ⇡0 mesons and �0.0109± 0.0039(stat)± 0.0016(syst)
for direct photons. Systematic uncertainties on the slopes
were conservatively estimated by evaluating the fit when
the points were placed at the limits given by the sys-
tematic uncertainties, and then taking the di↵erence of
the slopes. Similarly to

p
hp2

out

i the ⇡

0 triggers were

corrected by the same hz⇡0

T i corrections from pythia.

The result is shown in Fig. 11; again the hz⇡0

T i cor-
rection amounts to a scale factor of approximately two
for the p

trig

T of the ⇡

0 triggers. When plotted against

p

trig

T /hz⇡0

T i the magnitude of the slope for the ⇡

0 trig-
gers is �0.0035 ± 0.0012(stat) ± 0.0006(syst). It should
be noted that the slope of the widths changes if the
minimum p

assoc

T cut is increased, but that the slope al-

ways remains negative. Integrating over the full range of
0.7 < p

assoc

T < 10 GeV/c allowed by the PHENIX detec-
tor gives the smallest magnitude slope, thus it is the most
conservative measurement for comparing to CSS evolu-
tion. For example, the slope of the Gaussian widths of
p

out

for 1.2 < p

assoc

T < 10 GeV/c was determined to
be �0.012 ± 0.003(stat) ± 0.001(syst) for ⇡

0-meson and
�0.023± 0.007(stat)± 0.003(syst) for direct-photon trig-
gers. The same behavior can be seen in the values ofp
hp2

out

i in Fig. 7 and in the Supplemental Material [62].

V. DISCUSSION

A. Measured Results

Figures 7 and 10 show that, consistent with previous
RHIC measurements,

p
hp2

out

i and the Gaussian widths
of p

out

sensitive to initial-state and final-state kT and jT

decrease with the hard scale. Interpretation of
p

hp2
out

i
is slightly di↵erent than that of the Gaussian widths
from the p

out

distributions, because the Gaussian widths
are extracted from fits to the nearly back-to-back re-
gion, which is generated only by nonperturbative kT

and jT . The
p

hp2
out

i values are extracted from fits to

5

data (see e.g. [40–42]), as well as phenomenological analy-
ses of SIDIS data, where factorization is also predicted to
hold (see e.g. [42–44]). As mentioned above, because the
CS evolution equation comes directly out of the deriva-
tion of TMD factorization, it then follows that a promis-
ing avenue to investigate factorization breaking e↵ects
is by looking for qualitative di↵erences from CSS evo-
lution in processes where factorization breaking is ex-
pected, such as nearly back-to-back dihadron correlations
produced in p+p collisions.

To have sensitivity to possible factorization breaking
and modified TMD evolution e↵ects, a particular observ-
able must be sensitive to a small scale on the order of
⇤QCD and measured over a range of hard scales. Nearly
back-to-back dihadron production has long been used as
a proxy for measuring initial-state partonic transverse
momentum kT [45–48], which is defined in Fig. 1. First
used in predictions by Ref. [49] as a method for under-
standing large di↵erences in hard scattering cross sec-
tions between theory and data, nearly back-to-back two-
particle and dijet angular correlations have since been
used to measure kT over a large range of center of mass
energies [45, 47, 50, 51]. Direct photon-hadron correla-
tions are of particular interest because the photon comes
directly from the partonic hard scattering, and thus car-
ries initial-state information without any final-state frag-
mentation e↵ects. The direct photon approximates the
away-side jet energy at leading order (LO) while still
being directly sensitive to the partonic transverse mo-
mentum scale. Direct photons also give an interesting
comparison to dihadron production because they do not
carry color charge, thus, assuming factorization holds,
only two TMD PDFs and one TMD FF are necessary
in the cross section calculation compared to two TMD
PDFs and two TMD FFs in dihadron production. There-
fore, there should be more avenues for gluon exchange in
nearly back-to-back dihadron events when compared to
direct photon-hadron events.

Figure 1 shows the hard scattering kinematics of a
nearly back-to-back dihadron event in the transverse
plane. The e↵ect of initial-state kT and final-state jT ,
the transverse momentum of the hadron with respect
to the jet axis, can be probed in hadronic collisions by
measuring the out-of-plane momentum component p

out

with respect to the near-side hadron or direct photon,
collectively referred to as the trigger particle. p

out

thus
quantifies the acoplanarity of the two-particle pair, with
p

out

= 0 signifying exactly back-to-back particle produc-
tion. Using the trigger particle as a proxy for the jet, the
1-dimensional quantity p

out

is transverse to the pT of the
trigger particle, ptrigT , and has a magnitude of:

p

out

= p

assoc

T sin�� (1)

where p

assoc

T is the pT of the associated hadron and ��

is the azimuthal angular separation between the trigger
and associated particle as shown in Fig. 1. Reference [45]
has shown that the root mean square of p

out

and kT are

related by

hzT i
p

hk2T i
x̂h

=
1

xh

q
hp2

out

i � hj2Ty
i(1 + x

2

h) (2)

where hzT i = p

trig

T /p̂

trig

T and xh = hpassocT i/hptrigT i, and
quantities with a hat indicate partonic-level quantities.
Note that in the determination of Eq. 2, it was assumed
in Ref. [45] that the component jTy for both the trig-
ger and associated jet axes was sampled from the same
Gaussian distribution of

p
hj2T i. All the quantities on

the left side of Eq. 2 are partonic, while those on the
right side can be measured via the correlated away-side
hadron. Equation 2 gives a clear definition for how to re-
late the root mean square initial-state kT and final-state
jT to the observable p

out

.

(a)

(b)

FIG. 1. A diagram showing the hard-scattering kinemat-
ics of (a) dihadron and (b) direct photon-hadron event in
the transverse plane. Two hard-scattered partons with trans-
verse momenta p̂trigT and p̂assocT [red lines] are acoplanar due

to the initial-state ~k1

T and ~k2

T from each parton. These re-
sult in a trigger and associated jet fragment ptrigT and passocT

with a transverse momentum component perpendicular to the
jet axis j

T trig

y
and jTassoc

y
in the transverse plane, which are

assumed to be Gaussian such that
p

hj2T i =
q

2hj2
T trig

y
i =

q
2hj2Tassoc

y
i. For direct photons (b) only one jet fragment

passocT is produced because the direct photon is produced from
the hard scattering. The quantity p

out

[blue] is the transverse
momentum component of the away-side hadron perpendicular
to the trigger particle axis.

The Relativistic Heavy Ion Collider (RHIC) is an ideal
facility to study nonperturbative factorization breaking
e↵ects because they are only predicted in hadronic colli-
sions where at least one final-state hadron is measured,
and the measurement has sensitivity to a small initial-
and final-state transverse momentum scale. Observables
of interest are final states where at least one particle has
a large pT , defining a hard scale, at least one final-state
hadron is measured, and the observable is also sensitive to
initial- and final-state kT and jT . At RHIC energies, the
pT reach for direct photons and pions is su�ciently large
to have separation from the nonperturbative momentum

PHENIX: γ-hadron pout sPHENIX: γ-jet pout

midrapidity 
200 pb-1 200 GeV pp

Nonperturbative-transverse-momentum effects and evolution
in dihadron and direct photon-hadron angular correlations

in pþ p collisions at
ffiffi
s

p
= 510 GeV
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Table 1: Summary of the sPHENIX physics program enabled by the additional forward
instrumentation described in this letter of intent.

Colliding Species

and Energy Scientific Objective Observable

Au+Au @ 200 GeV T , µB dependence on h Fourier moments (v2, etc.) vs. h

HI initial conditions, early times rapidity-separated correlations

energy loss in the QGP dijets and g+jet

p"+Au @ 200 GeV nuclear PDFs RpAu for Drell-Yan

inclusive jets, dijets

g + jet

sea quark dynamics in nuclei Drell-Yan pT spectrum

medium in small systems rapidity-separated correlations

quark energy loss Drell-Yan and inclusive jets

proton structure at large x

p"+p" @ 200 GeV nuclear PDF reference data Drell-Yan

inclusive jets, dijets

sea quark dynamics Drell-Yan pT spectrum

spin-momentum correlators hadron AN

factorization breaking g + jet, dijets

p"+p" @ 510 GeV origin of large hadron AN at high xF AN for flavor-enhanced jets

g + jet, dijets with hadron in jet

transversity at high x, Collins FF hadron asymmetries in jets

factorization breaking g + jet, dijets

26 Chapter 2. Detector Design

Figure 2.1: The sPHENIX experiment with proposed forward instrumentation. "Central
tracker" refers to the combination of TPC, MAPS, and INTT.

• a lead-tungstate crystal electromagnetic calorimeter at high pseudorapidities (FEMC),
• a steel-scintillator hadron calorimeter (FHCAL),
• a field shaping steel piston.

The superconducting solenoid bends the trajectories of charged particles for momentum
measurements. The steel piston enclosing the beam pipe shapes the field of this solenoid
to increase the magnetic field component perpendicular to the beam line at high pseudo-
rapidities, which improves the momentum resolution for particles in this direction. The
TPC tracks charged particles at midrapidity and, due to the magnetic field, measures their
momenta. The MVTX and INTT allow to precisely locate the vertex of these particles.
At higher pseudorapidities, the three GEM stations provide intermediate tracking and
excellent momentum determination for charged particles. The electromagnetic calorime-
ters measure the energies of electrons and photons, while the electromagnetic and hadron
calorimeters together measure the total energies, positions, and sizes of jets.

This baseline design for sPHENIX with forward instrumentation could be augmented
with Roman Pot detectors [99] to detect beam protons scattered at very small angles. As
mentioned in Sec. 1.3, this would enable a diffractive physics program at sPHENIX. An-
other possible extension of the baseline design is the installation of ring-imaging Čerenkov
(RICH) detectors to provide charged kaon and pion identification (see Appendix A).
Such an addition would also allow for exciting new physics measurements, such as the
transverse single-spin asymmetry for identified particles in jets.

2.2 Magnet System and Field Shaping
The sPHENIX superconducting solenoid (which was previously used by the BaBar exper-
iment) provides a 1.4 T longitudinal magnetic field to measure the momenta of charged
particles via tracking. The magnet has higher current density at both ends to maintain a
high field uniformity along the magnet axis. This design also enhances the momentum
analyzing power in the forward region. However, the transverse component of the field BT

drops rapidly at pseudorapidities h > 3. To further enhance the momentum measurements
in the very forward acceptance, we propose a passive magnetic piston surrounding the

tracking and calorimetry extended 
to η = 4 

tracking: GEMs 
EMCal: refurbished PHENIX EMCal 

HCal: PbSc

sPHENIX-note sPH-cQCD-2017-001 
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transition to an EIC detector

• forward upgrades augmented with additional particle ID and 
detectors in electron going direction is suitable for much of the 
EIC physics program

25
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Figure 2.7: Design of an EIC detector based on sPHENIX that uses the sPHENIX
superconducting solenoid, barrel and forward tracking, and barrel and forward calorimetry.
It adds tracking and calorimetry at negative pseudorapidities, as well as RICH detectors
for PID at central, negative, and positive pseudorapidities.

realizations of the EIC, the eRHIC at BNL, plans to utilize the existing RHIC storage rings
(polarized proton and other ion beams) and a high-intensity polarized electron facility to
be built in the RHIC tunnel. While the exact design energy and luminosity of this EIC are
still being optimized, it is currently envisioned with a beam energy of up to 20 GeV for
electrons, up to 255 GeV for protons, and up to 100 GeV/nucleon for gold ions. An EIC
detector based on sPHENIX has excellent performance for a broad range of EIC physics
measurements.

Figure 2.7 illustrates the design of an EIC detector based on sPHENIX that fully uti-
lizes the sPHENIX superconducting solenoid, barrel and forward tracking, and barrel and
forward calorimetry. In addition, this design foresees a GEM tracking station and a crystal
calorimeter at negative pseudorapidities to provide electron and photon identification
and separation with high resolution. Moreover, it includes a barrel DIRC (’Detection of
Internally Reflected Čerenkov light’) in the central rapidity region, a combination of a gas
RICH and an aerogel RICH at positive pseudorapidities, and an aerogel RICH at negative
pseudorapidities to enable mandatory particle identification coverage. All of these PID
detector technologies are currently being studied by the EIC detector R&D consortia eRD6
and eRD14. One of these technologies is an aerogel RICH detector called mRICH for its
modular and compact design. Some mRICH modules could already be installed in the
forward region of sPHENIX during RHIC operation, and extend the physics capabilities
of sPHENIX in this era while being another step towards evolving sPHENIX into an EIC
detector for the future. Appendix A contains more details about this option.

An EIC detector based on sPHENIX is well suited to address much of the physics
enabled at eRHIC. More details of the design and expected performance are given in
[113], which will be succeeded soon by an updated document (accounting for changes in
the sPHENIX and eRHIC designs since the release of the document).
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timeline
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sPHENIX and LHC Run 3 ~coincident

6/12/2017 2

Au+Au @ 200 GeV recording minimum bias at 15 kHz
More conservative C-AD ramp up and mean of MIN/MAX projections
Assume 60% sPHENIX uptime in 2022-23, 80% in later years

Just recording straightaway at 15 kHz for |z| < 10 cm …
47 billion (2022) + 96 billion (2024) + 96 billion (2026) = Total 239 billion events

For topics with Level-1 selective trigger (e.g. high pt photons), one can sample 
within |z| < 10 cm a total of 550 billion events.    One could consider sampling 
events over a wider z-vertex for calorimeter only measurements, 1.5 trillion events.
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Rutgers, 12/15

BNL, 6/16

Georgia State, 12/16
BNL, 5/17



summary
• a growing collaboration 

• over the last year, Berkeley, LBNL & Temple joined in December 

• Saclay, CCNU & Purdue made requests to join in May 

• an advanced detector design 

• validation of calorimeter design in test beams 

• a sophisticated simulation framework 

• more simulation studies ongoing, realistic detector modeling 

• this list is not exhaustive (of course!) 

• a diverse physics case 

• combination of sPHENIX & LHC Run 3 will provide the best opportunity to understand 
the inner workings of the quark gluon plasma 

• rich cold QCD program with the core sPHENIX, interest in forward extensions leading 
28


